R-LOOPS: FRIENDS AS WELL AS FOES {#SEC1}
================================

The versatility of RNA is so extensive that it has been proposed as the starting point for the whole of biology ([@B1]). RNA naturally hybridizes to complementary DNA sequences, and in the case of duplex DNA this results in the formation of triple stranded structures termed R-loops. Concerns about RNA hybridizing to DNA inappropriately and causing DNA damage ([@B2]) have tended to obscure the positive roles of RNA interactions with DNA. The idea that RNA purposefully interacts with DNA has a long history ([@B5]), and the subject has been enjoying a renaissance in recent years with the recognition that R-loops regulate and participate in most aspects of nuclear DNA metabolism ([@B2],[@B6]). There is burgeoning evidence that nowhere is the fate of DNA more heavily tied to interactions with its RNA products than in the mitochondria.

MITOCHONDRIAL DNA ORGANIZATION, EXPRESSION AND REPLICATION {#SEC2}
==========================================================

Mitochondria are descendants' of free-living prokaryotes, whose assimilation to form the eukaryotic cell catalyzed the explosion of multicellular life on earth ([@B14]). The key faculty of mitochondria is their ability to produce copious amounts of energy from food, via respiration, a process that depends on a vestigial piece of DNA in the organelle. Consequently, aberrant or insufficient mitochondrial DNA causes cell and tissue dysfunction that manifests in a wide range of human diseases ([@B15]). Mitochondrial DNA (mtDNA) of mammals is typically circular and its two strands are denoted heavy (H) and light (L) based on their different nucleotide compositions. Important regulatory elements, which function as origins of replication, the replication terminus and transcriptional promoters, are concentrated in only substantial non-coding, or control, region of the molecule (Figure [1](#F1){ref-type="fig"}) ([@B16]). Thirty-seven genes are compressed into the other 15 kb of the mtDNA and are expressed as polycistronic RNAs of both strands, which are processed and modified to yield mature transfer, messenger and ribosomal RNAs ([@B21]).

![Mammalian mitochondrial DNA and the D-loop. (**A**) A map of duplex mammalian mtDNA, encircled by two polycistronic RNAs (L-strand transcripts 1 and 2: LT1 and LT2) originating from the heavy strand promoter (HSP). LT1 is processed to produce all the RNAs for aerobic energy production encoded by the heavy (H) strand; further synthesis to the light strand promoter (LSP) yields LT2, which includes RNA spanning much of the major non-coding or control region. Processing of LT2 would yield RNA(s) corresponding to those associated with highly abundant R-loops (inset, right and detailed in panel **B**). The control region is also the location of the displacement loop or D-loop (inset, left). (**B**) An expanded view of the control region. Ori-H is the canonical origin of unidirectional replication initiated from a primer starting at LSP; another prominent RNA--DNA transition point maps to nucleotide position (np) 15 620 of murine mtDNA ([@B39]), which is similar to the map position of a bidirectional origin in human mtDNA ([@B20]), both of which are designated Ori-b. In mice, the RNA--DNA transition point for replication, defined as Ori-H, is identical to the 5′ ends of 7S DNAs that form the D-loop (np 16 035). However, in human cells nascent DNA strands start at approximately np 60, placing Ori-H downstream of the 5′ ends of 7S DNA ([@B46]). Many of the 3′ ends of the Light-strand control region RNAs, LC-RNAs, are close to Ori-H, none extends beyond LSP, none starts before TAS, and many 5′ ends are concentrated around Ori-b. Note that the 3′ ends of LC-RNAs terminating at LSP coincide with the start of the 7S DNA primers, two examples of which are represented as broken red lines as they are ordinarily barely detectable at steady-state ([@B39]). TAS---termination-associated sequence, a predicted stem--loop structure ([@B47]) located near the 3′ end of the D-loop. Nucleotide numbering for mouse and human mtDNA is according to the reference sequences (NC_012920 and NC_005089). (**C**) An illustration of a possible arrangement of a mitochondrial R-loop. Other more complex structures for LC-RNA involving G-quadruplexes and cruciform structures (termination intermediates) are also possible.](gkz277fig1){#F1}

Although the major chromosomes of prokaryotes and eukaryotes are replicated via concurrent synthesis of the two strands of DNA, the predominant mechanism of DNA replication in mammalian mitochondria involves a prolonged interval between the start of leading and lagging strand DNA synthesis, i.e. strand-asynchronous replication ([@B22]). The RNAs produced via transcription from the heavy strand promoter (HSP) have been proposed to play a critical role in strand-asynchronous replication (Figure [2A](#F2){ref-type="fig"}) ([@B27]). In this transcript-dependent, or bootlace, mechanism the template for lagging strand DNA synthesis is hybridized to complementary mitochondrial RNAs prior to lagging-strand DNA synthesis. There is also evidence that widely dispersed RNA/DNA hybrids are involved in mtDNA replication in other metazoans, albeit not as extensively as in mammals ([@B28]). On the other hand, the earlier strand-displacement mechanism of mammalian mtDNA replication proposes that protein, rather than RNA, coats the lagging-strand template (Figure [2B](#F2){ref-type="fig"}) ([@B31],[@B32]). An analysis of the mtDNA-binding pattern of mtSSB in HeLa cell mitochondria was consistent with this model ([@B32]); however, the replication intermediates may have lost regions of RNA/DNA hybrid during the mitochondrial isolation process ([@B27]). Moreover, a recent study indicates that mtSSB, unlike its prokaryotic homologs, does not form nucleoprotein tracts *in vitro* ([@B33]), suggesting the protein would leave substantial gaps on long segments of single-stranded DNA (Figure [2B](#F2){ref-type="fig"}). Taking all these observations into account, mtSSB could play an important role in filling any gaps between the RNA/DNA hybrids (Figure [2C](#F2){ref-type="fig"}). The proposed bootlace mechanism raises a number of questions, in particular how are the RNAs hybridized to the lagging strand template and later removed to permit second strand DNA synthesis? Both RNA hybridization to the lagging-strand template and its subsequent removal could be mediated by the mitochondrial RNA granules that handle multiple aspects of mtRNA metabolism ([@B34],[@B35]), and which include two key mtDNA maintenance and replication factors (Twinkle DNA helicase and mtSSB) ([@B36]), as well as enzymes involved in processing aberrant R-loops ([@B37],[@B38]).

![Proposed models of mammalian mtDNA replication. Two alternative mechanisms of strand-asynchronous replication have been proposed: (**A**) the bootlace mechanism that relies on mature transcripts. (**B**) The strand-displacement model that depends on protein (mtSSB) to coat the displaced lagging-strand template. (**C**) Models A and B can be merged into one in which transcripts are hybridized to the lagging strand template with mtSSB occupying any gaps between RNAs. Ori-H---origin of heavy-strand DNA replication.](gkz277fig2){#F2}

In all versions of strand-asynchronous mtDNA replication, RNA primes mtDNA replication at specific sites, and after the initiation of DNA synthesis the primers are processed rapidly by ribonuclease H1 (RNase H1) ([@B39]). In mammals, the primers for leading strand DNA synthesis in the control region start at the light-strand promoter (LSP) and the RNA transitions to DNA at one of two positions, Ori-H (origin of heavy strand DNA replication) or Ori-b (origin of bidirectional replication), in the control region ([@B39]) (Figure [1B](#F1){ref-type="fig"}).

THE MITOCHONDRIAL D-LOOP {#SEC3}
========================

In the early 1970s, many molecules of mammalian mtDNA were found to contain a triple stranded region, or displacement (D-) loop spanning half a kilobase or more of the control region (Figure [1A](#F1){ref-type="fig"}, inset, left) ([@B40]). The third strand, 7S DNA \[The letter S denotes the sedimentation rate in velocity gradients in units of *Svedbergs*\], ends at or close to a sequence proposed to act as a termination signal for D-loop synthesis, called TAS (Figure [1B](#F1){ref-type="fig"}) ([@B43]). Between 1% and 65% of mtDNA molecules contain a D-loop in mammals ([@B44]). The frequent synthesis of a piece of DNA across such a pivotal region of the mitochondrial genome strongly implies an important role for the D-loop in mtDNA metabolism.

Many discussions of the D-loop suggest that 7S DNAs represent paused, or stalled, replication intermediates; however, this is difficult to reconcile with the recent finding that nascent H-strands associated with strand-asynchronous replication (i.e. Ori-H) ([@B45],[@B46]) differ from the 5′ ends of 7S DNAs in human cells ([@B17],[@B18],[@B47],[@B48]) (Figure [1B](#F1){ref-type="fig"}). Nevertheless, the formation of the D-loop could be a quite separate, precursor step in the initiation of DNA replication, as detailed later in the article. Moreover, the D-loop form of mtDNA has been implicated in protein recruitment and mtDNA organization ([@B49],[@B50]), as well as being proposed to have a role in the termination of replication ([@B51],[@B52]).

R-LOOP DISCOVERY {#SEC4}
================

The RNA/DNA hybrids associated with replicating mtDNA were not detected for many years because they are readily lost during isolation ([@B23],[@B53]); however, inter-strand cross-linking can preserve them ([@B27]). One species greatly enhanced by cross-linking of the mtDNA was a small bubble-like structure with a similar mass and location to the D-loop. Unlike D-loops, the novel small bubbles proved refractory to restriction digestion at multiple sites in the control region, and contained a DNase-resistant, RNase H-sensitive component of the opposite strand to 7S DNA, all of which suggests they are R-loops containing a third strand of pure RNA ([@B45]). Reverse-transcription, cDNA synthesis and cloning yielded sequences spanning much of the control region, which we termed LC-RNA, as the **[RNA]{.ul}** is **[L]{.ul}**-strand in sequence and maps to the **[C]{.ul}**ontrol region of the mtDNA (Figure [1](#F1){ref-type="fig"}) ([@B45]). The 5′ ends of LC-RNA map predominantly to TAS and Ori-b, whereas the 3′ ends map close to Ori-H or LSP (Figure [1B](#F1){ref-type="fig"}). It is not yet known how the LC-RNAs hybridized to mtDNA are arranged in vivo, parts might form triplexes and tails, as well as simple R-loops (Figure [1C](#F1){ref-type="fig"}).

Collectively, the R-loops containing LC-RNA are highly abundant, accounting for 15% of all mtDNAs in mouse liver samples, without cross-linking, and over 50% in human fibroblasts with cross-linking ([@B45]). Although other R-loops are found in mtDNA, notably involving the confusingly named 7S RNA (which represents the RNA primer for synthesis of 7S DNA ([@B45],[@B54])), they are present at very low abundance compared with the LC-RNA ([@B39],[@B45]). Therefore, for convenience, we refer to the structure formed by LC-RNA together with mtDNA as 'the' R-loop, using the definite article. The discovery that long non-coding RNAs form persistent R-loops in the control region of mammalian mtDNA ([@B45]) warrants a thorough assessment of their potential roles in mtDNA maintenance and expression both in normal and disease states.

The difficulty of preserving the mitochondrial R-loop also raises the question: are we underestimating R-loops in the nucleus? This question is all the more pertinent in that part of the difficulty of preserving RNA/DNA hybrids in mitochondria is attributable to contaminating activities from other cell compartments, most likely the nucleus, as more highly purified mitochondria have better preserved RNA--DNA hybrids than crude mitochondrial preparations ([@B23]). Thus notwithstanding the fact that R-loops have been documented for millions of base pairs ([@B55]), refined extraction procedures for nuclear DNA, using conditions where RNase H or RNase H-like activities are inhibited, could reveal new or more abundant R-loops in the nucleus. Reciprocally methods used for characterizing R-loops in nuclear DNA could aid the further characterization of mitochondrial R-loops ([@B55],[@B56]).

R-LOOP AND D-LOOP GENESIS {#SEC5}
=========================

The location and span of the mitochondrial R-loop coupled with prior knowledge of mtDNA metabolism offer possible insights into its production. The RNAs of the R-loop are L-strand and map to the control region (Figure [1B](#F1){ref-type="fig"} and ([@B45])) and so the most straightforward way of synthesizing LC-RNA is via a near full-genome-length polycistronic transcript arising from the heavy strand promoter. At a minimum, the HSP-derived, L-strand transcript must encompass 95% of the mitochondrial genome to produce all the gene products for respiration encoded by the H-strand of mtDNA (LT1, Figure [1A](#F1){ref-type="fig"}). Continued synthesis across the control region to the light-strand promoter would generate a polycistronic transcript, LT2, whose final portion constitutes LC-RNA; hence, RNA processing of LT2 at TAS could give rise to the RNA component of the R-loops (Figures [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"} and [3A](#F3){ref-type="fig"}).

As LC-RNAs are complementary to the 7S DNAs of the D-loops, R-loops and D-loops may be co-regulated or interdependent, and either could be the progenitor of the other (Figure [3B](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). The longest LC-RNAs (TAS to LSP (Figure [1B](#F1){ref-type="fig"})) create an R-loop with a potential template corresponding to 7S DNA plus its primer. Hence, R-loops of LC-RNA could, by exposing LSP, promote the initiation of transcription for D-loop synthesis (Figure [3B](#F3){ref-type="fig"}), aided by the mitochondrial transcription factor, TFB2M, which is known to recruit POLRMT at this site ([@B57]).

![R-loop and D-loop formation. (**A**) R-loops can derive from a part of a polycistronic RNA initiating at the heavy strand promoter of mammalian mtDNA, if transcription does not always terminate at the termination-associated sequence(s) TAS ([@B60]). (**B**) The longest LC-RNAs end at the light-strand promoter, LSP; hence, strand-switching of POLRMT at this site could initiate primer synthesis for 7S DNA. Moreover, extensive triplex DNA/RNA/DNA (see Figure [1C](#F1){ref-type="fig"}) could help to favor initiation from LSP, while protecting the R-loop from RNase H1 degradation. Synthesis of the D-loop would inevitably disrupt the triplexes, and make them vulnerable to RNase H1. (**C**) Opposite to panel (B), D-loop synthesis precedes R-loop synthesis. Secondary structure and *trans*-acting factors (e.g. panel E) at TAS or Ori-b could favor these as start sites for POLRMT, possibly in conjunction with triplexes preventing POLRMT loading elsewhere. (**D**) D-loop synthesis could allow transcription from HSP to extend beyond TAS. (**E**) Coupling of the termination of D-loop synthesis and the initiation of R-loop synthesis by POLG. 7S DNA synthesis by mitochondrial DNA polymerase gamma (1 copy of POLG1 and 2 of POLG2) could be arrested by POLG2 binding to the predicted stem--loop at TAS, followed by the recruitment of POLRMT to enable synthesis of LC-RNA. RNA, Red lines; template DNA, black lines, nascent DNA, blue lines. LSP, light strand promoter; Thr, tRNA threonine gene; Pro, tRNA proline gene; Ori-b and Ori-H, origins of replication. Twinkle, mitochondrial DNA helicase; RNase H1, Ribonuclease H1; mtSSB, mitochondrial single-stranded DNA binding protein.](gkz277fig3){#F3}

Alternatively, D-loops may be the precursors of R-loops---a simple triple-stranded DNA form of the D-loop might facilitate LC-RNA synthesis (Figure [3C](#F3){ref-type="fig"}), and secondary structure or other features of TAS and Ori-b, in combination with partial triplex formation (Figure [1C](#F1){ref-type="fig"}), could ensure that the initiation of LC-RNA synthesis in the control region is site-specific. D-loops could instead allow transcription to extend from TAS to LSP, thereby yielding LT2 (Figure [3D](#F3){ref-type="fig"}); i.e. in the absence of a D-loop, L-strand transcripts might always terminate at TAS (yielding LT1). However, if D-loops adopt a triplex structure then this could cause transcription to arrest at TAS, preventing the synthesis of LT2. Hence, the form of the D-loop rather than its presence or absence could determine the balance of LT1 and LT2 transcripts, which could be regulated by interacting proteins that alter triplex DNA stability. As mentioned above and discussed further below, the different R-loop lengths and forms (Figure [1C](#F1){ref-type="fig"}) could perform different functions; accordingly, more than one of the models (Figure [3B](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}) can apply.

Defining the mechanisms behind the R-loop length variation would be helpful but is not straightforward, as it can arise from a combination of alternative initiation, termination and RNA-processing sites. Thus, the 3′ ends mapping to Ori-H and LSP may reflect either alternate transcription termination sites or post-transcriptional RNA processing events. LC-RNAs starting at TAS and Ori-b could arise directly from the initiation of RNA synthesis in the control region (e.g. Figure [3C](#F3){ref-type="fig"}) or via transcript processing. Labeling of terminal 5′ triphosphates with a capping enzyme ([@B58]) can identify LC-RNAs initiated in the control region, whereas RNAs derived from polycistronic transcripts (i.e. LT2) would not be labeled by any such treatment. This approach might also clarify whether the increase in LC-RNAs in two previous studies ([@B59],[@B60]) was the result of extended transcription (to create LT2 in the terminology of this article) (Figures [1](#F1){ref-type="fig"} and [3A](#F3){ref-type="fig"}), or if it resulted instead from the initiation of transcription in the control region of the mtDNA (Figure [3C](#F3){ref-type="fig"}).

THE PROTEIN MACHINERY OF THE 'LOOPS' {#SEC6}
====================================

The models of D-loop and R-loop formation outlined above (Figure [3](#F3){ref-type="fig"}) reconcile readily with the properties and activities of known factors in the mitochondria, none more so than the dedicated mitochondrial RNA polymerase, POLRMT. It is POLRMT that produces the polycistronic mitochondrial transcripts ([@B61]), and so will be essential to generate LC-RNA via LT2 (Figure [1](#F1){ref-type="fig"}). POLRMT is also presumed to generate the primers for D-loop synthesis starting at the light-strand promoter (Figure [1](#F1){ref-type="fig"}), and it is the obvious candidate for R-loop synthesis on D-loops (Figure [3C](#F3){ref-type="fig"}). Specifically, POLRMT might initiate R-loop synthesis from the stem--loop at TAS, analogous to it priming second-strand DNA synthesis at Ori-L ([@B62]). TAS has other potential roles: it could mediate transcription termination (yielding LT1 rather than LT2) ([@B60]), perhaps in concert with a member of the mTERF family ([@B63],[@B64]), or an RNA processing factor (such as GSRF1 ([@B65]), or RNase Z ([@B66])). Alternatively, TAS could engage other proteins, such as POLG2 (the accessory subunit of mitochondrial DNA polymerase, POLG) to promote LT2 synthesis. POLG2 is known to prefer D-loops to circular and linear duplex DNA ([@B49]), and to bind to single-stranded DNA ([@B67]), and its recognized homology to amino-acyl tRNA synthetases ([@B68]) could enable it to recognize the stem--loop structure of TAS. POLG2 binding to TAS could also arrest 7S DNA synthesis by POLG holoenzyme and promote R-loop synthesis in the opposite direction, giving it a pivotal role in R-loop synthesis via a D-loop (Figure [3E](#F3){ref-type="fig"}).

Although the non-cooperative binding of mtSSB, to single-stranded DNA ([@B33]), suggests it cannot fully coat the displaced strand of the mitochondrial R-loops, it could nevertheless help to stabilize them, in the manner of another single-stranded DNA binding protein, AtNDX ([@B69]). Therefore, a contribution of mtSSB to mtDNA replication ([@B70]) may be R-loop, as well as D-loop, maintenance. Ribonuclease H1, or RNase H1, is another anticipated key player in the metabolism of the mitochondrial R-loop, as it degrades RNA only when it is hybridized to DNA. RNase H1 is established to process primers involved in mtDNA replication ([@B39]) and the RNA primer (7S RNA) for D-loop synthesis ([@B45]). The R-loop is a larger target located in the same region of the mtDNA. Hence, RNase H1 can remove the D-loop primer and the R-loop to generate a D-loop (Figure [3B](#F3){ref-type="fig"}), with final processing of the 7S DNA by mitochondrial endonuclease MGME1 ([@B71],[@B72]) or Flap endonuclease 1 (FEN1). Less obviously, RNase H1 might also stabilize mitochondrial R-loops, as it contains a distinct RNA/DNA hybrid binding domain ([@B73]). Thus, in conditions where the catalytic activity of RNase H1 is repressed (e.g. via oxidation ([@B74]), or perhaps ligand binding or post-translational modification), the enzyme could potentially bind to, but not degrade, the mitochondrial R-loop. However, activation of the catalytic function of RNase H1 would signal the immediate destruction of the mitochondrial R-loops (not in a triplex conformation), which conceivably is what happens during all but the most delicate mtDNA isolation procedures.

The difficulty of preserving mitochondrial R-loops could explain why some nucleic acid binding proteins in mitochondria fail to co-purify with mtDNA. For example, the mitochondrial isoform of FEN1, FENMIT, preferentially binds to R-loops *in vitro*, but little of it was associated with isolated mitochondrial nucleoprotein complexes ([@B75]). FENMIT might play a role in the initiation of mtDNA replication through interaction with the long H-strand primer, known as 7S RNA, as earlier proposed ([@B75]). However, the R-loop is another potential substrate that could explain the need for this FEN1 variant that appears to be exclusive to mitochondria.

THE MITOCHONDRIAL R-LOOP AND STRAND-ASYNCHRONOUS REPLICATION {#SEC7}
============================================================

Having outlined the ways in which the R-loops might be generated, the critical question arising is what are its functional roles in mtDNA metabolism? One predicted function of LC-RNA predated its discovery. LC-RNA is integral to the model of mtDNA replication that involves the incorporation of RNA on the lagging strand: transcript-dependent replication (TDR), or the 'bootlace' mechanism, although this was not made explicit in the original report ([@B27]). Strand-asynchronous replication begins in the control region with the synthesis of a long primer from the light-strand promoter to the origin (Ori-H or Ori-b), where the transition to DNA synthesis occurs ([@B39]); hence, if the incorporation of transcripts is obligatory for strand-asynchronous replication then the first RNA element will be a L-strand RNA corresponding to the control region, i.e. LC-RNA-i or LC-RNA-ii (Figure [1B](#F1){ref-type="fig"}). Moreover, the generation of LC-RNA via transcription from the heavy strand promoter offers an attractive regulatory system for such a mechanism of mtDNA replication. Extending transcription into the control region, i.e. to synthesize LT2 could permit replication (Figure [4](#F4){ref-type="fig"}), whereas transcriptional arrest at TAS would deprive the mtDNA of the first 'bootlace', and could thereby prevent replication initiating in the control region. In the one context that has been studied to date where LC-RNAs hybridized to mtDNA are greatly depressed there is a switch to strand-coupled replication ([@B46]), which is consistent with the idea that LC-RNA is required for the initiation of strand-asynchronous mtDNA replication.

![A proposed role of the mitochondrial R-loop in strand-asynchronous replication. (**A**) According to Transcript-dependent Replication, mature transcripts hybridize to the lagging strand prior to second strand DNA synthesis ([@B27]). Because this mechanism of DNA replication starts in the Control Region (with the synthesis of a primer from LSP and transition to DNA synthesis at Ori-H, the first transcript required is a LC-RNA. LC-RNA dependent initiation of mtDNA replication is also compatible with the strand-displacement model, as illustrated.](gkz277fig4){#F4}

If LC-RNA synthesis is dependent on the presence of a D-loop (Figure [3D](#F3){ref-type="fig"}) and LC-RNA is a requirement of strand-asynchronous replication (Figure [4](#F4){ref-type="fig"}), then the D-loop is itself essential for this mechanism of replication. However, in this model 7S DNA does not contribute to the nascent strands of DNA.

Separation (unwinding or melting) of the two strands of DNA is a critical step in the initiation of DNA replication in diverse systems, which is typically protein-mediated. R-loop formation achieves the same result, with the caveat that only one strand is rendered single-stranded. Thus, the mitochondrial R-loop might initiate strand-asynchronous mtDNA replication, by exposing LSP---the primer start site for nascent H-strand DNA synthesis (Figure [4](#F4){ref-type="fig"}). In this way, the R-loop potentially offers a much simpler system for initiating DNA replication than operated in the nucleus ([@B76]), as it permits only one replisome to load (Figure [4](#F4){ref-type="fig"}). Thus, the mitochondrial R-loop can explain why (strand-asynchronous) DNA replication initiates in the control region and is unidirectional ([@B22],[@B46]). Moreover, because mtDNA replication is unidirectional on circular molecules, both initiation and termination occur in the control region, and so LC-RNA could contribute to completing the replication cycle.

Evolutionary conservation often provides clues as to function; however, there are no data as to the occurrence of a long non-coding RNA forming a R-loop in mtDNA outside of mammals. Nevertheless, D-loops have been identified in a range of vertebrates and invertebrates ([@B40],[@B77]), and so assuming D-loops and R-loops are inter-dependent, or functionally complementary, R-loops are expected to be present in a broad range of animals, and an initial screen of cross-linked mtDNA could readily support or refute this prediction. Including insects in such an analysis could be informative, as they appear to lack a D-loop form of mtDNA ([@B79]), and so may also lack R-loops. However, the mitochondrial R-loop might be dispensible for the initiation of replication in insects because the control region of mtDNA has an exceptionally high A:T content ([@B79]), which facilitates strand separation (i.e. melting at the origin of replication).

Once formed, the R-loop could inhibit strand separation at proximal sites and thereby prevent transcription from HSP, in the manner of long non-coding RNAs found in the nucleus ([@B69],[@B80]). Hence, in the model where LC-RNA is needed for the initiation of replication, inhibiting transcription from HSP with LC-RNA would prevent transcription and replication occurring on the same molecule, thereby avoiding collisions between the two machineries and the formation of unwanted R-loops on actively replicating mtDNAs. Likewise, if the R-loop increases supercoiling in the rest of the molecule, it will make DNA melting for the initiation of replication outside the control region thermodynamically less favorable and could thereby actively inhibit strand-coupled mtDNA replication elsewhere ([@B46]). Thus, the presence or absence of mitochondrial R-loops could determine the choice of replication mechanism.

MITOCHONDRIAL DNA SEGREGATION AND MEMBRANE ATTACHMENT {#SEC8}
=====================================================

The close proximity of mtDNA to the inner mitochondrial membrane (IMM) in electron microscope images led Nass to propose that mtDNA is attached to the membrane in 1969 ([@B81]), and evidence that this specifically involves the control region, dates back to 1977 ([@B82]). Located in the control region, D-loops and R-loops are credible candidates for playing one or more roles in attaching mtDNA to the IMM. Although the role of the loops could be transient, serving to recruit proteins for particular tasks, including membrane-attachment, they could also play a structural role. The case is strongest for the R-loops, as mitochondria retain numerous features of their prokaryotic ancestors, and in bacteria RNA has long been implicated in DNA organization ([@B5]). Moreover, in the contexts we have studied, R-loops outnumber D-loops ([@B45]), and given the problems of preserving RNA/DNA hybrids of mtDNA, especially LC-RNA, the true proportion may be still higher. It is therefore conceivable that every mtDNA molecule (or nucleoid) has either a D-loop or a R-loop on a (semi-) permanent basis.

Membrane attachment is far more than a 'clothes-hanger' for mtDNA; by localizing the DNA to rigid cholesterol-rich microdomains ([@B83]), it can provide traction to facilitate the processes of replication, transcription, RNA processing and segregation, as well as the assembly of the mitochondrial ribosome at the nucleoid ([@B84]). Thus, any role of R-loops and D-loops in mtDNA membrane-attachment offers the possibility of them impacting almost every facet of mtDNA metabolism.

Putative mtDNA segregation intermediates map to the control region and are disrupted by the repression of POLG2 or ATAD3 ([@B49],[@B50]). Both these proteins display a strong preference for binding to DNA molecules with a D-loop, and this preference is expected to extend to R-loops. Hence, R-loops may play a pivotal role in mtDNA segregation. The mitochondrial R-loop is a potential target of RNase H1, and a pathological variant of the enzyme has been shown to cause mtDNA aggregation and R-loop instability, with the inference that the mutant enzyme impairs mtDNA segregation because it has greater than usual access to R-loops ([@B45]).

CONCLUDING REMARKS {#SEC9}
==================

Discovery of the R-loop almost half a century after the D-loop reinforces the status of mammalian mtDNA as a model of efficiency: high gene density, and a single substantial non-coding region packed with features required for its maintenance, expression, organization and propagation. The firm predictions are that the R-loops of LC-RNA play a central role in mtDNA metabolism, being required for, and regulating, the unique mechanism of strand-asynchronous replication in mitochondria, as well as optimizing mtDNA organization and expression. The most pressing questions concern the relationship between the varieties of D-loops and R-loops and their specific binding factors, as addressing these can clarify the roles of the loops in mtDNA metabolism; and improved protocols to isolate mitochondrial nucleoids with the mitochondrial R-loop intact would help considerably to achieve this aim. Finally, the disturbances to mtDNA organization in cells and solid tissues with mutant RNase H1 and the concomitant effect on mitochondrial R-loops ([@B45]) suggest that this new feature of mtDNA will prove to be relevant to a range of mitochondrial disorders, especially as mtDNA aggregation is increasingly recognized in these diseases ([@B45],[@B87]). Therefore, the mitochondrial R-loop should be investigated whenever mtDNA perturbation is apparent or suspected.
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